INTRODUCTION
Barley yellow mosaic virus (BaYMV) causes serious damage to barley crops in several Asian and European countries. BaYMV particles are flexuous rods with two modal lengths of 275 and 550 nm and a diameter of 13 nm (Inouye & Saito, 1975) . The virus is composed of two species of single-stranded RNAs, RNA 1 (Mr 2"6 x 106) and RNA 2 (1.5 x 106), and a single capsid protein species (Mr 33K) . It has recently been proposed that BaYMV, wheat yellow mosaic (WYMV), wheat spindle streak mosaic (WSSMV), oat mosaic (OMV) and rice necrosis mosaic viruses should be excluded from the potyvirus group and form the bymovirus (barley yellow mosaic virus) group based on their transmissibility by the fungus Polymyxa graminis, their particle morphology with two modal lengths, and the absence of serological relationships between these'viruses and potyviruses .
The bipartite genome of BaYMV distinguishes it from other elongated rod-shaped plant viruses such as potyviruses, potexviruses and carlaviruses which all have monopartite genomes (Matthews, 1982) . As a first step towards the understanding of the genome organization, function and expression of BaYMV gene products, we determined the nucleotide sequence of the capsid protein gene which was found to be in BaYMV RNA 1. To assess further the taxonomic position of BaYMV, the amino acid sequence and structural features of BaYMV capsid protein were compared with those of other rod-shaped plant viruses.
METHODS
Virus purification. The type strain (II-1) of BaYMV was propagated by mechanical inoculation in barley cv. New Golden and purified as described by Usugi & Saito (1976) . The final pellet was resuspended in 0.1 M-citrate buffer pH 7.0.
RNA isolation. Viral RNA was isolated from purified virus preparations by incubation with 1 mg/ml proteinase K in 1% SDS for 20 min at 37 °C, followed by two extractions with phenol-chloroform (1 : 1 v/v) and subsequent ethanol precipitation. RNA was purified by oligo(dT)-cellulose affinity chromatography (Nakazato & Edmonds, 1974) .
cDNA synthesis and cloning. First strand cDNA was synthesized using a mixture of RNA 1 and RNA 2 as templates and oligo(dT) as a primer, and second strands were synthesized using RNase H, Escherichia coli DNA polymerase I and T4 DNA polymerase as described by Gubler & Hoffman (1983) . cDNA synthesis was monitored by the incorporation of [32p]dCTP into the first and second strands followed by electrophoresis in a 1.0% alkaline agarose gel. After tailing with oligo(dC), the double-stranded cDNA was annealed with oligo(dG)-tailed, PstIdigested pBR322. The DNA was used to transform competent E. coli DH-5 cells, and the colonies resistant to tetracycline but sensitive to ampicillin were screened.
Screening and analysis ofcDNA clones. Viral RNA 1 and RNA 2 separated by electrophoresis in a 1-0% low melting point agarose gel were extracted from gels and labelled with 32p using T4 polynucleotide kinase, cDNA clones were screened by colony hybridization using the RNA probes. Selected clones were grown on a small scale, and plasmid DNAs were prepared by the alkaline lysis method (Birnboim & Doly, 1979) . The sizes of DNA inserts were estimated by agarose gel electrophoresis after digestion with PstI. Two recombinant plasmids, pBYT10 and pBYT8 with the largest cDNA inserts corresponding to RNA 1 and RNA 2, respectively, were selected and used for Northern blot analysis. The viral RNAs were electrophoresed in a 1.0% agarose gel, and transferred to a nylon membrane in a semi-dry electroblotting apparatus. Blots were hybridized with 32p-labelled cDNA probes.
DNA sequencing. Plasmid pBYT10 was digested with PstI, and fragments of inserted cDNA were isolated and subcloned into M13 mpl9. The DNA sequence was determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . To confirm the conjunction of the PstI fragments, pBYT 10 was digested with EcoRV, and the insert was subcloned and sequenced using a synthesized oligonucleotide primer. The orientation of the nucleotide sequence was determined by dot hybridization using single-stranded DNA samples and 32p-labelled viral (+) RNA probes.
Mildproteolysis of intact virus particles. A freshly purified virus preparation was treated essentially according to the method of Shukla et al. (1988) . The virus preparation was adjusted pH to 8-0 with 0.05 M-NaOH and incubated with lysyl endopeptidase (Wako Chemicals) at an enzyme substrate ratio of 6:1000 (w/w) for 30 min at room temperature. The released peptides and enzyme-resistant 'core' particles were separated by centrifugation at 70000 r.p.m, for 15 min at 4 °C in a Beckman TL-100.3 rotor. The supernatant fraction containing released peptides was dried in a Savant 200H Speed-Vac concentrator; the pellet containing core particles was resuspended in 20 mM-Tris-HCl pH 8.0. After treatment with formic acid as described by Shukla et al. (1988) , the core particles were further digested with lysyl endopeptidase at an enzyme-substrate ratio of 1 : 100 (w/w) for 3 h at 37 °C.
Electron microscopy. Virus particles were stained with 2% phosphotungstic acid pH 6.0 and observed in a Hitachi H-7000 electron microscope.
SDS-PAGE. Samples were mixed with one third volume of dissociation buffer (8% SDS, 8% 2-mercaptoethanol, 40% glycerol, 0.04% bromophenol blue, 0-25 M-Tris-HC1 pH 6.8), boiled for 3 min, and then electrophoresed in a 15% polyacrylamide gel as described by Laemmli (1970) . Amersham rainbow markers containing ovalbumin (Mr 46000), carbonic anhydrase (30000), trypsin inhibitor (21500), lysozyme (14300), aprotinin (6500) and insulin chains A and B (2350 and 3400) were used as M r standards.
Isolation ofpeptides and amino acid sequencing. Peptides were isolated by reverse-phase HPLC using a Waters Associates ~tBondasphere Cxs column (3.5 × 150 mm) connected to a Waters Associates 600 HPLC system. Peptides were eluted using a linear gradient of 0 to 80% acetonitrile in 0.1% HC1 over 50 min at a flow rate of 1-0 ml/min at room temperature. The chromatograph was monitored at 214 rim, and the fractions were collected manually. The volatile compounds in the fractions were removed by drying in a Speed-Vac concentrator. Amino acid sequences of the peptides were determined by Edman degradation in an Applied Biosystems 470A gas-phase protein sequencer.
Computer analysis. Nucleic acid and protein data were analysed using a Hitachi Software Engineering DNASIS system.
RESULTS
Both BaYMV RNA 1 and RNA 2 were successfully purified by binding to oligo(dT)-cellulose and cDNAs corresponding to full-sized copies (7.5 kb and 3.7 kb, respectively) were synthesized by oligo(dT) priming (data not shown). These data suggest that both R N A s contain poly(A) tails at the 3' termini. The two recombinant plasmids, pBYTI0 with an approx• half-sized c D N A copy (3.7 kb) of R N A 1 and pBYT8 with a nearly full-sized copy (3.6 kb) of R N A 2, were selected from the c D N A library by dot hybridization• That they correspond to viral R N A s was further confirmed by Northern blot analysis. The autoradiograph showed that the two c D N A copies hybridized only to their respective viral RNAs (Fig. 1) . pBYT10 was used for sequence analysis of BaYMV RNA 1. The nucleotide sequencing strategy and orientation of pBYT10 are shown in Fig. 2 . The sequence of the T-terminal 1370 nucleotides upstream of the poly(A) tail is shown in Fig. 3 . Computer analysis revealed one large open reading frame (ORF) consisting of 1137 nucleotides in one of the reading frames of the (+) strand (virion polarity). The predicted translational product of this ORF is presented in Fig. 3 . The nucleotide sequence appeared to begin with the ORF, suggesting that the initiation codon for this ORF lies upstream of the available sequence data. This ORF was terminated by a single stop codon located 231 nucleotides upstream of the 3' poly(A) tail. Other reading frames of the ( + ) and ( -) strands contained many stop codons and few extended ORFs.
SDS-PAGE of the purified preparation of BaYMV gave a major band of capsid protein (Mr 33K) and several bands of, presumably, degradation products with Mr of 26K to 31K (Fig. 4) as reported previously . Mild proteolysis by lysyl endopeptidase of intact virus particles generated a single protein band (Mr 26K).
The peptides released by mild proteolysis of intact particles were isolated by HPLC and sequenced. As shown in Fig. 3 , all the amino acid sequences of the peptides (at amino acid positions -297 to -288, -264 to -253, -251 to -229, -41 to -17, -16 to -1) isolated from this preparation were identified within the predicted amino acid sequence of the large ORF in RNA 1. Additionally, the amino acid sequences of the peptides ( -1 3 1 t o -1 1 9 , -62 to -42) obtained by redigestion of core particles agreed with those predicted from the nucleotide sequence. Mapping of these peptides indicates that the 3'-proximal region of RNA 1 encodes the capsid protein.
The peptide with the amino acid sequence AADPLTDAQK ( -2 9 7 to -288) released by mild proteolysis was assumed to be located at the N terminus of the capsid protein since all the other peptides analysed were located downstream. The N terminus of this peptide does not follow a lysine residue in the sequence in Fig. 3 , which suggests that this is the N terminus of the capsid protein. The amino acid sequence TTNHRVLDSDGHPELT ( -16 to -1), obtained from one of the peptides, ended with a threonine residue which agreed with the C terminus of the capsid protein predicted from the nucleotide sequence. The predicted capsid protein consists of 297 amino acids with a calculated Mr of 32334, a value which agrees with that estimated by SDS-PAGE. These data demonstrate that this polypeptide contains the complete amino acid sequence of the BaYMV capsid protein.
Under the electron microscope, the native and lysyl endopeptidase-treated virus particles appeared to be similar with the same diameter.
DISCUSSION
The specific hybridization of the cloned cDNAs to either RNA (Fig. 1) indicates that the two RNAs of BaYMV do not share extensive sequence homology. Accordingly, the identification of the nucleotide sequence encoding a single capsid protein species in RNA 1 indicates the absence of the capsid protein gene from RNA 2.
The 3' non-coding region of BaYMV RNA 1 consists of 231 nucleotides upstream of the poly(A) tail. This region contains no eukaryotic polyadenylation signal (AAUAAA; Nevins, 1983) . Another potential signal (UAUGU; Zaret & Sherman, 1982) has been found in the 3' non-coding region of potyviruses, where this signal is located 70 to 90 nucleotides upstream of the poly(A) tail (Maiss et al., 1989) . In BaYMV RNA 1, the sequence UAUGU was also found, but it was located 170 nucleotides upstream of the poly(A) tail. Further investigation is required to determine whether such a signal has a function in vivo.
A single large ORF which can be translated into a protein comprising more than 379 amino acids was found in the T-terminal region of BaYMV RNA 1. This protein is considered to be a polyprotein because the capsid protein started with alanine at position -297 in the translated ORF. These findings suggest that the production of the capsid protein requires proteolytic processing from a larger protein precursor. The capsid protein gene of BaYMV is similar to those of potyviruses in its 3'-proximal location and in the way it is expressed by processing from a polyprotein precursor (Dougherty & Carrington, 1988) . The putative cleavage site for the production of the BaYMV capsid protein is glutamine-alanine, which has also been reported to be a cleavage site in polyproteins of several potyviruses Maiss et al., 1989) . This assignment also agrees with the cleavage at glutamine-X which seems to be a feature common to several virus groups such as potyviruses, comoviruses and picornaviruses (Wellink & van Kammen, 1988) .
Mapping of the peptides released by mild proteolysis of intact virus particles in the BaYMV capsid protein sequence showed that the N-and C-terminal regions of the capsid protein had been removed (Fig. 3) . This finding suggests that both terminal regions are exposed on the external surfaces of virus particles. That there was no discernible change in particle diameter after the removal of the terminal regions from the capsid protein is further evidence for the surface location of corresponding regions. The heterogeneity of the BaYMV capsid protein has been attributed to degradation (by contaminating proteases) during the purification procedure (Ehlers & Paul, 1986; Usugi et al., 1989) . Since the removal of the terminal regions from the heterogeneous capsid protein generated a single 'core' protein (Fig. 4) , the degradation would occur in the exposed terminal regions. Similar degradation observed in the capsid proteins of WYMV, WSSMV and OMV may also indicate that the terminal regions of their capsid proteins are exposed on the external surfaces. The surface location of the N and C termini of the capsid protein has also been reported for potyviruses, potexviruses and tobamoviruses, suggesting the possibility of common features in polypeptide folding and subunit packing among rod-shaped plant viruses (Shukla et al., 1988) .
A computer search showed that the BaYMV capsid protein contained some small blocks of homology with those of potyviruses and potexviruses (Fig. 5) . The two homologous amino acid sequences NGTS and AFDF were found in the capsid proteins of BaYMV and at least five distinct potyviruses examined, i.e. Johnson grass mosaic virus (JGMV; Shukla et al., 1987) , tobacco etch virus (TEV; Allison et al., 1985) , tobacco vein mottling virus (TVMV; Domier et al., 1986) , plum pox virus (PPV; Ravelonandro et al., 1988) and potato virus Y (PVY; Shukla et al., 1986) . The latter sequence is also present in capsid proteins of three potexviruses: potato virus X (PVX; Huisman et al., 1988) , papaya mosaic virus (AbouHaidar, 1988) and white clover mosaic virus (Forster et al., 1988) . Alignment of the BaYMV capsid protein with those of five potyviruses displayed only 20 to 25 ~ identity even though this was maximized by insertion of gaps. This contrasts with the high degree (49 to 64~) of homology with extensive matches among potyviruses. The sequence homology between the BaYMV and potexvirus capsid 
